• The observation that hypoxia causes an elevation of pulmonary arterial pressure probably secondary to pulmonary vasoconstriction led von Euler and Liljestrand 1 to suggest that local pulmonary hypoxia might play a role in controlling the distribution of pulmonary blood flow. One method of studying this proposed mechanism in man has been to induce unilateral hypoxia by means of a bronchospirometry catheter. Fishman et al. gave 10% oxygen in nitrogen to one lung and failed to find a response. However, Himmelstein et al. 3 found approximately a 40% decrease in pulmonary blood flow to the hypoxic lung in three out of five subjects when 5% oxygen was administered. A fourth subject had an increased pulmonary artery pressure but no change in the partition of the pulmonary blood flow. The results on the fifth subject were inconclusive. In contrast, Defares et a!. 4 found approximately a 44% decrease in blood flow to the lung breathing 10% oxygen in 10 normal subjects. Fishman 5 ' 6 has reviewed the studies of unilateral hypoxia in man and concludes that the bulk of evidence suggests an increased resistance to perfusion on the hypoxic side probably secondary to ipsilateral vasoconstriction.
• The observation that hypoxia causes an elevation of pulmonary arterial pressure probably secondary to pulmonary vasoconstriction led von Euler and Liljestrand 1 to suggest that local pulmonary hypoxia might play a role in controlling the distribution of pulmonary blood flow. One method of studying this proposed mechanism in man has been to induce unilateral hypoxia by means of a bronchospirometry catheter. Fishman et al. 2 gave 10% oxygen in nitrogen to one lung and failed to find a response. However, Himmelstein et al. 3 found approximately a 40% decrease in pulmonary blood flow to the hypoxic lung in three out of five subjects when 5% oxygen was administered. A fourth subject had an increased pulmonary artery pressure but no change in the partition of the pulmonary blood flow. The results on the fifth subject were inconclusive. In contrast, Defares et a!. 4 found approximately a 44% decrease in blood flow to the lung breathing 10% oxygen in 10 normal subjects. Fishman 5 ' 6 has reviewed the studies of unilateral hypoxia in man and concludes that the bulk of evidence suggests an increased resistance to perfusion on the hypoxic side probably secondary to ipsilateral vasoconstriction.
Cautious interpretation of the experimental findings has been necessary since conclusions regarding pulmonary vasoconstriction have been based on the finding of an increase in pulmonary vascular resistance or a greater From the Medical Service, Veterans Administration Hospital, and The Johns Hopkins Medical Institution, Baltimore, Maryland.
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Accepted for publication November 10, 1965. increase in pulmonary artery pressure than can be accounted for by increases in cardiac output. 5 These studies have required cardiac catheterization and arterial cannulation with measurements of cardiac output by the Fick principle. Defares 4 has analyzed the sources of error in measurements of cardiac output by the Fick method and feels that some of the contradictory results of acute hypoxia in man may be explained on this basis.
The introduction of radioisotope scanning of the lungs has provided a reliable, safe, simple method of determining the distribution of regional pulmonary arterial blood flow in man. 7 -8 Estimation from the scan of the partition of pulmonary blood Row to each lung correlates closely with oxygen uptake to each lung as determined by bronchospirometry. 8 An additional advantage is that conclusions regarding pulmonary vasoconstriction are based on the partition of pulmonary blood flow and not on the complicated relationship between pulmonary artery pressure, pulmonary vascular resistance, and cardiac output. Therefore, we have used the lung scan method to study in man the effect of unilateral nitrogen breathing on the partition of pulmonary blood flow.
Methods
Ten patients with various pulmonary diseases were studied (table 1) . One hour after premedication with 10 mg morphine, 0.4 mg atropine and 100 mg of pentobarbital given intramuscularly, the oropharynx, trachea and bronchi were anesthetized with topical cocaine. A Carlens catheter was then inserted to permit separation of the ventilation of each lung, and connected to a modified Gaensler-Collins bronchospirometer containing soda lime carbon dioxide absorption cannisters. All studies were done with the pa- tient in the supine position. Initially, both bronchospirometer bells were filled with 100% oxygen. Following initial differential spirometry, one of the lungs was ventilated for seven minutes with 100% nitrogen, while the other continued to be ventilated with 100% oxygen. The adequacy of the airway partition was indicated by the observation that the oxygen uptake/minute remained constant on each side when the bronchospirometer bells were weighted alternately for a short period of time. This was demonstrated both during the control study and during unilateral N 2 breathing. Seven minutes after the onset of unilateral hypoxia approximately 0.5 cc of 1% macroaggregated serum albumen (MAA) labeled with 300 microcuries of I 1 " was injected intravenously.* The patient was then disconnected from the •Radiation exposure. Assuming a uniform distribution of the radioisotope in the lungs, a body weight of 70 kg, and the weight of the lungs to be 1000 g, the total body radiation after intravenous injection of 300 microcuries of MAA V S1 is 0.1 rads, 0.06 caused by beta radiation and 0.04 by gamma radiation.
The total lung radiation is 1.2 to 1.8 rads, the sum of the gamma (0.11 to 0.19) and beta radiation (1.1 to 1.6). The total blood dose is 0.37 rads, the sum of beta (0.33) and gamma radiation (0.04).
Circulation Research, Vol. XVlll, May 1966 bronchospirometer and the Carlens catheter removed. A lung scan was performed within the ensuing 1 to 1.5 hours since the distribution of the radioactivity does not change with this short lapse of time. 7 Control lung scans were performed following MAA injection with the patient in the supine position while breathing room air either 24 to 48 hours before or after the unilateral nitrogen study. The control scans were performed without bronchospirometry. Since changes in cardiac output and ventilation have no effect on the distribution of blood flow to each lung, the effect of the Carlens catheter was considered to be negligible. 8 On six occasions additional scans were performed following injection of I
131
MAA at the end of seven minutes 100% oxygen breathing by face mask. In four patients (no. 1, 4, 5, 6) arterial blood was withdrawn during the seventh minute of unilateral N 2 breathing for PaO 2 , PaCO 2 and pH determinations.
It was possible that a decrease in the partition of pulmonary blood flow to the lung receiving 100% nitrogen was secondary to an increase on the contralateral side due to 100% oxygen breathing. Therefore, in an additional four subjects the same experimental procedure was followed except that one lung received room air while the more severely diseased lung breathed 100% oxygen.
The partition of pulmonary blood flow between the right and left lungs was determined from the scans using the method described by Chernick et al. 8 ( fig. 1 ). The optical density of the radioscan is a nearly linear function of the amount of radioactivity at that locus. Therefore, the optical density of each lung field on the scan is proportional to the distribution of MAA between the two lungs. The average density of each lung field was measured using a photometer with a one-inch porthole in the following manner. The amount of light transmitted (foot- The sum of eighteen individual densities was considered the total density for that lung scan. The percentage of the total density for each lung was calculated by comparing the total density for each lung to the total density for both lungs and taken as an index of the percentage of pulmonary blood flow to each side. Within the limits of the radioactive count rates obtained during lung scanning, the relationship between count rate and film density was nearly linear. At the time of the readings the observer had no knowledge of the composition of inspired gas associated with a particular scan or the results of bronchospirometry.
Results
Although pulmonary disease was present in all patients studied, the partition of oxygen uptake (%Vo.,) between the right and left lung was normal in four cases (no. 2, 5, 7, 9, table 1, fig. 2 ). However, distribution of pulmonary arterial blood flow between each lung estimated from the lung scan was normal in only two cases (no. 5 and 6, table 2, fig. 2 ). Nevertheless, in general, good correlation was found between %VQ O obtained by bronchospirometry and the scan measurement for each side, obtained from the control study while breathing air (r = 0.86; P<0.01). A wide range of control values for blood flow to each lung was present with either method. Control scans taken during air and 100% oxygen breathing showed no significant difference in the partition of blood flow between the two lungs (table 2) . The scans done on the four additional patients during bronchospirometry with one lung receiving 100% oxygen and the other lung breathing air showed no consistent effect on the partition of blood flow. The changes in per cent flow to the lung receiving oxygen ranged from +4 to -3% and on the average there was no significant change from the control scan.
Unilateral nitrogen breathing was well tolerated in all patients with no clinical evidence of distress or cyanosis. Arterial oxygen tensions during the nitrogen study were 220, 171, 198 and 122 mm Hg for patients 1, 4, 5, and 6 respectively (table 2).
All lungs that were ventilated unilaterally by nitrogen responded with a decrease in per cent flow to the ipsilateral side, with an average decrease of 42% (range 15 to 100%; table 2, figs. 3, 4). Reduction in per cent flow occurred regardless of whether 100% N2 was given to the more diseased or less diseased lung. There was no correlation between the percentage decrease in flow to the N 2 side and the per cent decrease from the predicted value found on the control scan for the most severely involved side, suggesting that the variability in response to No was not related to the initial change in per cent flow caused by lung disease. Five out of six lungs with an increased control blood flow had less than a 30% decrease in flow when exposed to 100% nitrogen. All four lungs which had a decreased control blood flow responded with more than a 30% decrease in blood flow upon nitrogen exposure. This difference was statistically significant (P = 0.046). tDecrease in flow on the nitrogen side was calculated using the following formula:
Q 1% = percentage of flow from the scan when the lung was breathing room air. Q 2% = percentage of flow from the scan when the lung was in communication with 100% nitrogen. For calculating the per cent deviation from predicted breathing air: Q x = per cent blood flow on the control scan while breathing room air. Q 2 = 55% for the right lung, 45% for the left lung. |At the end of seven minutes unilateral nitrogen breathing.
Total V 0o (cc/min) decreased in six patients during unilateral nitrogen breathing and increased in four and on the average was not significantly different from the values at rest (table 3) . There was no correlation between the change in Vo 2 and the response to nitrogen. Minute ventilation (V E , liters/ min) was significantly increased during the nitrogen studies, an average of 2.3 liters/min (t = 2.73, P<0.05; table 4). Surprisingly, the increase in V E for the lung receiving N 2 averaged 1.4 liters/min and accounts for nearly all of the increase for both sides (t = 2.74; P<0.05).
Discussion
After intravenous injection, macroaggregated albumin particles (MAA) are distributed within the pulmonary arterial circulation in proportion to the blood flow to a particular region. 7 posited within pulmonary blood vessels on their first passage through the lung, their deposition occurs while the pulmonary blood flow is distributed in a particular manner at the time of injection. In this study the effect of gravity was reduced to a minimum by placing the patient in the supine position while the effect of anoxia on the distribution of lung circulation was studied. A scan of the distribution of radio-activity can be done up to several hours later before the particles are broken down and excreted in the urine. 7 Thus, the lung scan yields a picture of the distribution of blood flow at the moment of injection. Since the radioactive particles are distributed in proportion to blood flow, any change in their distribution reflects a change in the regional flow. In four patients we have shown that 100% oxygen administered to the more diseased lung had no significant effect on the distribution of the pulmonary blood flow. There is no conclusive proof for a vasodilating effect of 100% oxygen in patients who do not have hypoxemia and pulmonary hypertension. 5 Since the majority of our subjects had pulmonary tuberculosis, causing local areas of obliterative endarteritis and vascular destruction, one would not expect the uninvolved areas to respond to the high inspired oxygen mixture. Therefore, the de- creased density of the scan on the side that received nitrogen can be explained only by ipsilateral vasoconstriction with a concomitant decrease in per cent flow.
Bronchospirometer tracings from the nitrogen breathing side in our study had a slightly negative slope, even though excreted CO2 was absorbed, since oxygen was also excreted by that side. Thus, alveolar gas must have been in near equilibrium with mixed venous Po., by the end of the seven-minute period of nitrogen breathing. Since arterial P 0o measurements during unilateral N 2 breathing did not reveal hypoxemia, it is probable that all patients had normal mixed venous Po 2 values CircuUlio* Rtiarcb, Vol. XVIII, Mr) 1966 around 40 mm Hg. Thus, pulmonary vasoconstriction occurred in the No lung when the pulmonary vascular bed was exposed to an oxygen tension of about 40 mm Hg. This is the usual Po., for precapillary vessels but is significantly lower for capillary and postcapillary vessels. Blakemore et al.° studied four subjects during unilateral rebreathing of a mixture containing 4.8% CO 2 and 6.7% O L . in nitrogen and found on the average a 40% decrease in flow to the hypoxic lung. The decrease in flow of 42% in the present study also agrees with the results of Himmelstein et al. 3 using 5% oxygen in nitrogen. It is interesting that a greater response to N 2 breathing was elicited in the lung considered to be most severely diseased both clinically and from control bronchospirometry and lung scan data. This suggests that when the normal lung was exposed to nitrogen, there was a limitation in the capacity to redistribute the blood flow to the diseased lung which already had a compromised vascular bed. However, when N 2 was given to the diseased lung, the normal side was able to accept a large increase in the proportion of cardiac output. The presence of far advanced tuberculosis or obstructive bullous emphysema did not inhibit the response on the diseased side. The exact mechanism of pulmonary vasoconstriction during hypoxia is a subject of considerable debate. Fishman 5 ' G has reviewed the many factors which might influence pulmonary vascular resistance and concludes that pulmonary vasoconstriction probably does occur in response to airway hypoxia. The pulmonary vessels are capable of constricting in the presence of low oxygen but whether this effect is produced by direct action on the vessel, by a reflex, or by a humoral mechanism is unknown. Evidence concerning the exact site of the vasoconstriction is contradictory. Various authors have concluded that it affects the precapillary vessels, 10 postcapillary vessels, 11 and a combination of both. 12 The experiments of Duke 13 suggest that both precapillary and postcapillary vessels constrict when exposed to low oxygen tensions. In the present study it is probable that only the P Oo of blood in postcapillary vessels was significantly altered and constriction of these vessels would seem to account for the decrease in flow. However, the possibility of postcapillary hypoxemia causing a reflex constriction of precapillary vessels has not been ruled out in man. During unilateral hypoxia in the present study the average VQ 2 remained unchanged. However, a curious change in ventilation was found. The average increase in total VE of 2.3 liters/min occurred during unilateral N 2 breathing despite avoidance of arterial hypoxemia by using 100% Oo for the remaining lung. The increase averaged 1.4 liters/min for the hypoxic lung (P<0.05) but on the oxygen side a nonsignificant increase of 0.9 liter/min was found. This could occur only if compliance increased or airway resistance decreased on the N 2 side. It has been shown in the dog that arterial hypoxemia will constrict airways by a reflex mechanism.
14 However, Nisell 15 has demonstrated bronchodilation in the excised cat lung ventilated with 100% N 2 . Our study suggests that in man, when arterial hypoxemia is avoided, airway hypoxia does lead to bronchodilation with a decrease in airway resistance. Thus, our study has demonstrated that the hypoxic lung has both decreased blood flow and an increased ventilation, a response to hypoxia which is ideally suited to minimize the change in alveolar and pulmonary capillary oxygen tension.
Summary
In ten patients with chronic lung disease unilateral airway hypoxia was produced by having them breathe 100% nitrogen administered for seven minutes via a Carlens catheter while the other lung received 100% oxygen.
The partition of pulmonary arterial blood flow between the two lungs was determined by radioisotope scanning following intravenous injection of I" 1 macroaggregated human serum albumin (MAA) both during bilateral air breathing and unilateral hypoxia. Unilateral hypoxia produced a 42% decrease in pulmonary blood flow to the hypoxic lung due to ipsilateral vasoconstriction. The response to N 2 was greater when given to the diseased lung, suggesting that the pulmonary vascular bed of the involved lung was incapable of accepting a large increase in the proportion of the cardiac output because the vascular bed was already compromised by disease.
Ventilation on the hypoxic side increased by 1.4 liters/min while there was no change on the side receiving 100% oxygen. Since unilateral hypoxia produced both a decreased blood flow and an increased ventilation, it is suggested that the lung is capable of altering regional perfusion and ventilation in a manner ideally suited to minimize the change in alveolar and pulmonary capillary oxygen tension.
